Recent work shows that depression is intimately associated with changes in cognitive functioning, including memory, attention, verbal fluency, and other aspects of higher-order cognitive processing. Changes in cognitive functioning are more likely to occur when depressive episodes are recurrent and to abate to some degree during periods of remission.
Background
The symptoms of recurrent depressive disorders (rDD) affect four spheres of human functioning: emotional (depressed mood, discouragement, feelings of helplessness and hopelessness), cognitive (negative opinions of oneself, the surrounding world and the future, and cognitive dysfunctions), behavioral/motivational (lack of motivations, withdrawal from social activity, loss of interests) and physical/somatic (circadian rhythm changes, lack of appetite, physical fatigue). Mood and neurocognitive dysfunctions may be manifestations of shared structural, biochemical or immune-related mechanisms, thereby producing biological overlaps in the regulation of emotional states and memory [1] .
According to Panza and colleagues [2] , depression may form a continuum with the dementias, along the gradient depression -mild cognitive impairment (MCI) -dementia. An episode of severe depression increases the risk of progression from MCI to Alzheimer's disease fourfold [2] . In a study of 436 women, aged 70-79, Rosenberg and colleagues demonstrated that symptoms of rDD positively correlated with an increased incidence of MCI among individuals in whom, prior to a diagnosis of depression, no cognitive deterioration was evident (Rosenberg et al., 2010 ). Other work likewise shows depression to increase the shift from MCI to dementia [3] , with the number of depressive episodes increasing dementia susceptibility.
The course of cognitive dysfunctions in rDD is varied, partly dependent upon clinical features (depression subtype, disease duration, numbers of episodes) and therapy administered [4] . Measuring cognitive deficits may be difficult in patients of depression due to differences in cognitive tests used, as well as variations in socio-demographic parameters, such as age, gender (Table 1) . Despite the difficulties in study comparisons that such factors introduce, this review analyzes the data pertaining to cognitive functioning in depressed patients. The interactions of cognition with mood may be a two way process, with some cognitive dysfunctions increasing the susceptibility to rDD, as well as decreased mood driving deficits in cognitive functioning ( Figure 1 ). This hypothesis is supported by data on the profile of selected deficits in people with rDD (working memory, executive functions, episodic memory) and in their first-degree relatives [5] .
Areas of Cognitive Dysfunction in rDD Patients
Cognitive dysfunctions in rDD
Cognitive deterioration in depressed patients can be heterogeneous, being selective, specific and mild in some instances, but general and severe in others [6] . Some work shows only a slight decrease in intellectual functioning in people with mild depressive states, as compared to healthy controls. However, a more severe depressive episode is more likely to be associated with decrements in specific cognitive functions, namely verbal memory and verbal fluency, even after sustained remission. This is exemplified in a study by Neu and colleagues, where 27 depressed patients were assessed by a series of neuropsychological tests at the beginning of the depressive episode and again after a euthymic phase of 6 months following treatment [7] .
Typical cognitive symptoms include: decrements in memory, learning, attention, spatial visualization, visual-motor coordination, verbal fluency and psychomotor retardation, as well as decrements in executive functions, such as planning, problem solving and behavioral inhibition [4] . Deterioration in one or several essential cognitive processes may unfavorably influence other cognitive abilities.
Attention
Attention is a process that determines the scope and quality of information processing. Structures in the upper brain stem, as well as the reticular system of the mesencephalon, are intimately involved in the regulation of elementary forms of attention, in part via the maintenance of the awake state. Higher (selective) forms of attention to a given stimulus, with associated inhibition of peripheral stimuli, requires the participation of the brain structures associated with many higher order processes, and include: the limbic cortex (hippocampus, amygdala, caudate nucleus) and the frontal and parietal lobes of the cerebral cortex (the frontal callosal gyrus, frontal orbital cortex, dorsolateral prefrontal cortex), as well as parts of the basal nuclei and the thalamus [8] . Dysfunctions in the prefrontal cortex and the callosal gyrus found in imaging studies, are thought to be primarily responsible for attentional deficits in rDD patients, as exemplified in a study of 10 elderly people diagnosed, according to the DSM-IV criteria, with major depression of mild to moderate severity, as assessed by the Digit Span and Stroop tests [9] . in depressed patients over 85 years of age [11] . Similarly, in a group of 21depressed teenagers (aged [14] [15] [16] [17] , attentional deficits occurred over the course of a severe depressive episode, a finding replicated in 126 depressed patients (aged [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , where attentional dysregulation was accompanied by deficits in short-term visual memory [12] . Overall, attentional deficits accompany depression, sometimes preceding depression, across different age groups.
Short-term memory
Memory disorders are a common cognitive deficit in depressed patients, including short-term memory, especially when difficulty levels are increased. As a consequence primacy and recency effects, remembering words from the beginning and end of a list, may be relatively heightened in depressed patients during verbal list learning [13] . Difficulties in short-term memory may be driven by attention disorders, proactive inhibition and difficulties in information coding [14] . Even though antidepressive drugs may have clinical efficacy, they may not adequately alleviate the accompanying cognitive deficits [15] . This might indicate a distinct pattern of cognitive deficits in patients with depression. Some of the deficits in memory, including short-term memory, in depressed patients may be a consequence of decreased metabolism in the hippocampus. Cigarette smoking, by the actions of nicotine on mitochondria, as well as on nicotinic receptors [16] , is associated with improved cognitive performance in depressed smokers, leading to cigarette smoking being proposed as a form of self-medication for suboptimal cognition in depressed patients.
Long-term memory
Decrements in declarative memory may be particularly evident in depressed patients. The weakening of explicit memory efficiency is preceded by a diagnosis of depression and may be considered a pre-disease marker [14] . According to McBride [17] , patients with rDD record worse results in tasks requiring identification of material previously learned, possibly indicating encoding difficulties in rDD memory deficits.
Depressive disorders also have an influence on the quality of reconstructed contents. Patients with depression find it easier to recall words, situations and facts of a negative rather than neutral valance, remembering better the tasks which ended in failure. This contrasts with dementia patients, who are more inclined to confabulate or fail to generate a response [17] . Moreover, in the course of rDD, new learning deteriorates in association with decreased work-rate and energy efficiency. Decrements in long-term memory may also precede the first occurrence of depressive symptomatology [11] .
Temporal lobe damage, especially in the hippocampus of the dominant hemisphere, impairs learning, information storage and the identification of verbal material previously exposed visually or acoustically. Hippocampal volume reduction, commonly evident in depressed patients, is likely to contribute to the deterioration in declarative memory, in part via decreased neurogenesis [18] . In contrast, resection of the temporal lobe of the non-dominating hemisphere creates memory difficulties for non-verbal material, both visual and auditory, with the extent of the deficit dependent on the level of the structural damage in the medial surface of the temporal lobes [19] . Declarative memory requires the participation of the prefrontal cortex, hippocampus, fornix, mammillary bodies, thalamus, and callosal gyrus. In contrast, non-declarative memory requires the participation of the basal ganglia and cortical association areas of the parietal, occipital and frontal lobe. Neural systems underlying declarative memory may also participate in non-declarative memory, suggesting interactions between the different memory types [20] , ultimately connecting via the striatum to behavioral outputs. The amygdala, altered in imaging studies in depression and closely linked to many CNS regions, is classically associated with the regulation of emotion, including emotion's co-ordination with memory related processing [21] and emotion linked behavioral outputs. Data in rodents shows that the amygdala can over-ride the hippocampal and cortex inputs into the striatum [22] , suggesting that changes in affective processing in depressed patients may alter the influence of higher order cognitive processes on motivated behavioral outputs and their accompanying thought outputs. This is one route by which the amygdala may contribute to the changes occurring in depression and requires investigation in rDD.
In a study by Talarowska and colleagues [23] on 30 rDD patients versus controls, rDD patients performed significantly poorer on a verbal learning task (auditory verbal learning test, AVLT, ten words), which allows the testing of both shortand long-term memory. rDD patients performed more poorly on both memory measures, even after 8 weeks of a pharmacological therapy with selective serotonin reuptake inhibitors (SSRIs). This suggests that cognitive decrements occurring in rDD are longer lasting than mood dysregulation and may provide the basis for the association of a continuum involving depression, MCI and dementia.
Operational memory and executive functions
The magnitude of frontal dysfunction in bipolar disorders in the depressed phase and in patients with MCI is significantly greater than in unipolar depression. Serious frontal dysfunction in bipolar disorder continues after the remission of a depressive phase, whilst in rDD a significant improvement may be observed [24] . In both conditions, cognitive deficits are comprised of decreased cognitive flexibility and deterioration in thinking efficiency [25] . Heightened frontal dysfunction in rDD patients is linked to hypofrontality, evident in neuroimaging studies. During the N-back test, a measure of frontal activity, depressed patients showed significant differences in prefrontal cortex activation, versus healthy controls [26] . As a physiological substrate for higher order cognitive functioning, the frontal cortex shows significant changes in activity in mood disordered patients that overlaps with the changes seen in MCI patients.
Verbal operational memory decrements are also observed in rDD patients when compared to controls, including deficits auditory and verbal operational memory [23] . Despite an improvement in mood following 8 weeks of SSRI treatment, these auditory and verbal operational memory deficits were still evident. Similar results were obtained by Joormann and colleagues [27] , using a procedure based on the principles of the N-back test, which is supported by other work. Likewise, using an arithmetic based task, Hugdahl and colleagues also showed frontal operational deficits in depressed patients [28] . Overall, deficits in inhibitory frontal functioning and activity are common in depressed patients, which would be expected to contribute to heightened amygdala activity and amygdala influence on central processing, given that the frontal cortex forms a negative feedback loop with the amygdala. As such, frontal dysfunction would be expected to contribute to the susceptibility to recurrent depressive periods.
Operational memory and executive dysfunctions are also present in depressed children and teenagers, with frontal dysfunction more widely evident among healthy relatives of depressed patients. Children and adolescents of families with a history of depression also show perturbations in amygdala functioning, which is proposed to contribute to increased depression susceptibility [29] . As suggested above, this may be due to the prefrontal cortex and callosal gyrus regulating not only cognitive processes, but also mood, behavior and social relations, thereby contributing to deficits in mentalizing and humor processing (mind theory) [30] . Such higher order cognitive dysfunction may also be linked to decreased intra-cortex connectivity in depressed patients. Such changes in frontal cortex activity and its interactions with amygdala functioning means that operational memory decrements in rDD patients associates not only with difficulties in the planning of actions, undertaking a purposeful activity or reduction of mental plasticity, but also increases sensitivity to negative feedback, with difficulties, via aberrant amygdala emotional processing, in inhibiting and avoiding such types of information [31] .
Executive dysfunction is especially evident in elderly depressed patients, aged above 61 years, although it is also present in younger adult patients [32] . Problem solving is hampered by difficulties in systematically generating possible solutions, due to deficits in planning, as well as the making and verifying of hypotheses. To some extent this is due to decrements in abstract thinking coupled to a cognitive bias that increases generalization and prototype formation at the expense of more specific exemplars [33] . This is thought to be underpinned by suboptimal functioning of the ventral lateral prefrontal cortex (PFC) [34] .
Psychomotor speed and spatial abilities
Psychomotor retardation is a common depression symptom, which is thought to contribute to decrements in cognitive functioning, certainly in the case of timed tests. Spatial visualization function deficits may covary with the extent of depression severity [6] , perhaps especially in patients with psychotic versus non-psychotic depression [35] . The importance of an adequate analysis of spatial relations in the perception and understanding of contextual information and linguistic communication should be emphasized, as well as in the recognition of emotional states of other people, as evident in deficits in recognition of facial expression, a deficit evident in adult [36] , as well as adolescent depressed patients [37] .
Verbal fluency
Verbal fluency disorders may take a variety of forms, including perseveration, the repeating of words or the formation of words that do not belong in a required category. Deficits in verbal fluency tests are generally a good diagnostic indicator of frontal lobe dysfunction, especially of the left hemisphere. However, a suboptimal verbal fluency test may also indicate alterations or dysfunctions of the left temporal cortex and/or PFC [38] .
In depressed patients, the structure and content of statements may be relatively minimally impaired, yet distinct speech retardation can be evident [39] . Herrmann and colleagues showed that verbal fluency impairment in depressed patients may be due to a reduced level of oxyhemoglobin around their frontal lobes versus healthy controls [40] . Similarly, reduced blood flow and metabolic activity may be a link between cognitive changes and depression, especially in the elderly [41] .
Other work links decreased verbal fluency to suboptimal neuronal activity around the caudate nucleus and the frontal part of the callosal gyrus in the left hemisphere [42] . In patients who showed high self-reporting of depression compared to psychiatric evaluation, decrements in verbal fluency predict suicide risk [43] , highlighting the importance of changes underlying verbal fluency deficits in the course of depression.
Physiological Underpinnings of Cognitive Dysfunctions in rDD Circadian rhythm disorders
Desynchronized biological rhythms of physiological and metabolic functions may play a role in depression recurrence, with different alleles in circadian genes conferring an increased depression risk. Deficits in circadian synchronization can impact on many fundamental processes, including those that condition the adaptation to changes taking place in the surrounding world [44] . However, the most common circadian dysregulation studied in depression has been alterations in sleep. Sleep disorders are evident in approximately 80% of hospitalized depressed patients and in about 50% of community dwelling patients. Decreased sleep continuity and reduced sleep duration are most common. Additionally, people suffering from depressive disorders enter the first phase of rapid eye movement (REM) sleep after 60 minutes of sleep onset, which is 15-20 minutes sooner than the general population. The pattern of sleep stages is also altered in depressed patients, who show relatively increased REM sleep and reduced REM latency in the first hours after sleep onset [45] . The genetic influence on depression susceptibility is heightened in both excessively long and short duration sleepers [46] , highlighting the importance of the circadian rhythm in the etiology and course of depression. Sleep has diverse physiological roles that overlap with the pathways that lead to neuroprogression in depression, including pathways involved in the regulation of inflammation, oxidative repair and neurogenesis [47] .
As a consequence of this, melatonin (N-acetyl-5-methoxytryptamine) has been proposed to play a significant role in the etiology, course and management of depression. Decreased melatonin levels are commonly observed in depressed patients, referred to as "low melatonin syndrome" [48] . Melatonin may modulate depression by a number of means. Low melatonin secretion may be associated with a genetic marker, which also contributes to a higher depression risk. However, dysregulated circadian melatonin secretion evidenced by elevated morning melatonin may also be associated with depression and, according to some authors, both significantly low and high melatonin concentrations may associate with depression [49] . Besides sleep induction and circadian rhythm regulation, melatonin regulates other physiological functions, including immune responses, antioxidative defenses, mitochondrial metabolic oxidative phosphorylation and memory. A number of studies show melatonin significantly improves cognitive function [50] .
Physiologically, depression is classically associated with dysregulated serotonin, which is also the necessary precursor for the melatonergic pathway. Serotonin, a known positive modulator of cognition, is the immediate precursor of N-acetylserotonin (NAS), which is then catalyzed by N-Acetylserotonin O-methyltransferase (ASMT), also known as hydroxyindole-O-methyltransferase (HIOMT) [51] , to form melatonin. ASMT is the rate-limiting enzyme in melatonin synthesis [52] . The ASMT gene is located in the pseudoautosomal region of the X chromosome, which is a candidate region for the development of mental illness [53] .
A decrease in ASMT mRNA and protein have been significantly associated with cognitive impairment in 236 rDD patients, as measured by the Trail Making Test, part A (TMT) and verbal fluency tests [54] . Reduced ASMT gene expression in rDD patients is therefore related to suboptimal functioning in the frontal lobes and hippocampus, areas that underpin working memory, attention and verbal fluency. These results are in line with the data obtained in animal models [55] .
In line with a dimension of depression-MCI-dementia, melatonin has been found to be useful in the therapy of some neurodegenerative conditions [56] . A combination of melatonin with phototherapy improved cognitive functioning, mood, sleep, and behavior in 189 dementia patients (mean age 85.8 years) [57] , resulting in a slower cognitive decline and less diminution of autonomy. The efficacy of melatonin is likely mediated by many processes, including its circadian regulatory, antioxidant, anti-inflammatory, and mitochondrial oxidative phosphorylation boosting effects [58] . Melatonin also regulates other factors known to modulate cognition, including neural cell adhesion molecule (NCAM). Melatonin may also be involved in the structural remodeling of synaptic connections during memory and learning processes, as well as hippocampal neurogenesis during normal aging in rodents [59] . Neurodegenerative diseases, such as Alzheimer's disease or Parkinson's disease are often associated with sleep disturbances [60] , which can be an early symptom in these conditions that in turn contributes to cognitive and motor symptoms. Chronic administration of melatonin significantly reduces lipid peroxidation and restores the decreased glutathione levels induced by chronic hyperhomocysteinemia in mice [61] . These authors also found that learning and memory deficits were reversed by chronic melatonin treatment.
It should also be noted that not all melatonin effects will occur via pineal release and circadian regulation. Melatonin is produced by possibly all mitochondria containing cells [62] , with data showing its non-circadian production by astrocytes, where its synthesis is regulated by the Alzheimer's susceptibility gene apolipoprotein (Apo) E4 [63] . The activational phenotype of macrophages is determined by the autocrine effects of melatonin [64] , suggesting that variations in melatonergic genes and receptors may significantly modulate the nature of the immune response. As such, non-circadian melatonin release is likely to be important in both mood and neurodegenerative disorder processes, as well as to their overlaps with cognitive dysfunction.
Activity of the hypothalamic-pituitary-adrenal axis
The hypothalamic-pituitary-adrenal axis (HPA) plays a fundamental role in the body's response to psychological and physical stress. Acute stress has its own natural negative feedback loop, which is blunted under conditions of chronic stress [65] , where heightened HPA-axis and autonomic system activity negatively impact on mood and cognitive functioning. Heightened HPA activity alters immune responses, increases cholesterol concentrations and arterial blood pressure, as well as inhibiting sex hormone production. Moreover, chronic cortisol elevation reduces feedback sensitivity, in part by decreasing the number of glucocorticoid receptors [66] . Additionally, long-lasting HPA-axis activation results in excessive influx of calcium ions to hippocampal neurons, sensitizing neurons to apoptosis; elevated intracellular calcium being an established biomarker in a diverse array of neuropsychiatric disorders. As a consequence, the mechanisms in charge of regulating stress reactions are impaired, thereby further contributing to impaired negative feedback [67] .
Pathophysiologically, depressive disorders resemble chronic stress. HPA-axis dysregulation is evident in 50% to 75% of depressed patients [68] , as indicated by the following symptoms: increased concentration of glucocorticoids in plasma, urine and cerebrospinal fluid; changes in the daily profile of glucocorticoids secretion with more frequent and longer periods of secretion; increased secretion of glucocorticoids in response to adrenocorticotropic hormone (ACTH); and increased volume of the hypophysis and adrenal glands [68] . Additionally, increased cerebrospinal fluid corticotrophin releasing factor (CRF) and arginine vasopressin (AVP) are evident in depressed patients, often coupled to sympathetic system hyperactivity. Importantly, HPA-axis dysregulation is significantly more prominent in depressed patients with recurrent episodes and longer duration [69] , representing a possible biomarker of different stages over depressive episodes. Increased morning salivary cortisol in depressed patients correlates with decreased executive functions and memory processes [70] . The hippocampus is particularly susceptible to stress-induced functional changes and HPA-axis dysregulation, leading to a drop in the expression of brain-derived neurotrophic factor (BDNF), deterioration of long-term potentiation and the inhibition of neurogenesis in the dentate gyrus [71] . These stress associated changes are highly prevalent in depressed patients.
It is of note that chronic stress/cortisol, but not acute, increases monoamine oxidase that increases the degradation of monoamines, including serotonin [72, 73] . This may contribute to how stress contributes to driving the decreased serotonin that is commonly found in depressed patients. This also suggests that chronic stress/cortisol will decrease serotonin availability for NAS and melatonin synthesis, in turn decreasing the release of melatonin from astrocytes and other cells, thereby altering the nature of the immune response both centrally and systemically, as indicated above. NAS, the immediate melatonin precursor, is a BDNF mimic, activating its receptor, tyrosine receptor kinase B (TrkB). Both NAS and melatonin increase neurogenesis, suggesting that neurogenesis deficits in depressed patients may be mediated by the lack of availability of serotonin for NAS and melatonin synthesis [73] . As such, the regulation of the serotonin-NAS-melatonin pathway by chronic stress may contribute to many of the changes seen in depression, including decreased neurogenesis, decreased antioxidants, increased ROS, decreased mitochondrial functioning and altered immune responsivity. These changes are likely to contribute to decreases in mood and cognition, as well as to the changes occurring over the course of depression, termed neuroprogression [73] .
Neuroprogression
Neuroprogression is the term used to describe changes in many psychiatric conditions that overlap these conditions with neurodegenerative disorders. Neuroprogression includes decreases in neurogenesis and neuroplasticity as well as increases in apoptotic or neurotoxic susceptibility. The brain structural changes most evident in depressed patients include: reduced volume in frontal lobes, prefrontal orbital cortex, frontal callosal gyrus, hippocampus and amygdala [74] . Moreover, hyperintense foci in the cortex and in white matter are common in depressed patients [75] , with severely depressed patients showing decreased white matter integrity in the limbic system and frontal cortex. These changes are found early in the course of depression, being evident in adolescents and at first hospital presentation. Microstructural changes in cortical and subcortical white matter contribute to neuronal dysregulation and alterations in inter-area connectivity. It is of note that both NAS and melatonin decrease white matter loss and increase re-myelination, suggesting that stress-induced decreases in local white matter serotonin may contribute to white matter alterations, in part via decreased NAS and melatonin synthesis. This may be especially important in multiple sclerosis, another neurodegenerative condition that is highly associated with depression [76] .
Orbitofrontal cortex (OFC) deficits may have an important role in the etiology of rDD, which has direct and indirect links with structures important in emotion regulation and executive functions, including the hippocampus, amygdala, ventral part of the striatum, frontal region of the callosal gyrus, hypothalamus and medial part of the frontal lobe. Recent work has shown that decreased OFC volume is evident in patients with severe depression [77] .
Gradual reductions in hippocampal volume occur with successive depressive episodes, averaging an 8% decrease in the left hemisphere and 10% decrease in the right hemisphere. Young and non-treated patients in the families of depressed patients also show reduced hippocampus volume versus controls, suggesting a genetic link to decreased hippocampal volume in depression [78] . Hypercortisolemia and its associated impacts are also likely to modulate hippocampal volume [79] , driving some of the changes occurring in neuroprogression. Animal models of stress and depression also highlight an important role for neuroprogressive changes in hippocampal subregions, including decreased dentate gyrus neurogenesis, as well as reduced length and number of apical dendrite branches in pyramidal cells of the CA1 and CA3 hippocampal regions [80] . The observed changes are linked with the length of depression episodes, number of episodes and a weaker therapeutic response to antidepressants.
The role of the right and left hemisphere of the brain
Damage to the brain's right hemisphere makes facial and wider emotion identification in others difficult. Reduced negative emotion recognition is associated with an unfavorable prognosis over the course of depression. Right hemisphere damage is also associated with difficulties in recognizing non-verbal emotional stimuli, with characteristics that resemble alexithymia [81] . The right hemisphere, especially the dorsolateral area, plays a significant role in the regulation of negative emotions [82] , thereby playing an important role in appropriate attentional processes, as well as in the nature of emotional responses during the course of depression.
During periods of remission, as compared to a depression episode, metabolism is increased in the right hemisphere dorsolateral PFC, lower parietal and dorsal cortex, frontal callosal gyrus. This is accompanied by a reduction in metabolism in the ventral limbic system (ventral callosal gyrus, as well as medial and posterior part of the insula) [83] . On the basis of the work highlighted above, mood changes in depressed patients may be a consequence of altered reciprocal interactions of the PFC, responsible for some cognitive processes, and structures of the limbic system. As indicated previously changes in the negative feedback of regions of the frontal and PFC on the amygdala may be of particular relevance, perhaps especially in the right hemisphere. Reduction in the thickness of the right cortex is also linked with a reduced ability during social interaction to notice, decode and remember emotional signals sent by other people [84] .
The OFC is particularly important in balancing the information that determines emotional reaction and how appropriately to respond. Some work shows that both hemispheres of the OFC show increased activation in depressed patients [85] . Everyday life stressors correlate with an increased activity in the ventrolateral prefrontal cortex (VLPFC). This area is linked with a number of processes, including the cognitive control of emotions. Increased activation in the VLPFC may therefore represent increased effort to regulate emotions and/or be indicative of deficits in this area [86] .
Activation of immune-inflammatory pathways
Over many decades, work has shown the brain to be a relatively "immunologically isolated" organ [87] . The CNS has been viewed as having its own immune system, which works relatively independently of the peripheral immune system. However, the peripheral immune system and the central immune-type cells, especially microglia and astrocytes are in continual communication [88] . Many experiments show that a systemic inflammation drives and/or intensifies a CNS immune response, thereby contributing to cognitive deficits [89] . As such, terms such as the "brain-gut axis" and "renal-brain axis" have become part of everyday medical conceptualizations of centralperiphery interactions, with communication being not only neuronal but also via cytokines and variations in immune cell effluxes [90] . Astrocytes, by virtue of their enwrapment of brain endothelial cells are well placed to be important coordinators of the brain response to systemic inflammation.
The immune system changes functionally with age [88] . The activity of monocytes and macrophages decreases, Toll-like receptor expression goes down, secretion of oxygen radicals, nitric oxides (NO), chemokines and cytokines changes, thereby modifying the reaction of innate non-specific immunity [87] . Moreover, released inflammatory factors cause blood-brain barrier damage and increased central permeability, in turn increasing the extravasation of immunologically competent peripheral cells [89] .
Proinflammatory cytokines, mainly tumor necrosis factor-alpha (TNF-a) and the interleukins (IL), are effluxed from both CNS and peripheral-derived immune cells and play a powerful role in the deterioration of cognitive processes (Bossù et al., 2012) . In animal models, increased central proinflammatory cytokines are evident, especially in the hippocampus and PFC, in response to endotoxin injection (bacterial lipopolysaccharide; LPS). Such increases in proinflammatory cytokines are maintained for a period of up to 10 months after LPS administration. Additionally, proinflammatory cytokines intensify HPA-axis activation, with TNF-a playing an important role in the development of wider depression associated conditions such as atherosclerosis. Under conditions of systemic inflammation, TNF-a may drive down pineal melatonin production, in turn contributing to circadian dysregulation [92] .
Oxidative and nitrosative stress
Oxidative stress is a state of relatively increased activity of reactive oxygen species (ROS). It develops as a consequence of an imbalance between the production and elimination of toxic derivatives of oxygen. A significant increase in the ratio of oxidizing agents over antioxidants may lead to irreversible changes in the organism that damages tissues and cellular processes, common in different pathological states [93] . While ROS have important signaling properties, excess ROS plays an important role in driving chronic inflammatory reactions, if the antioxidant response is not adequate. In physiological conditions, low levels of free radicals are maintained inside cells or may be transiently induced in a controlled manner as part of cellular plasticity or intercellular communication. However, ROS are also released by phagocytic cells to kill pathogenic organisms [94] . Stress caused by ROS leads not only to an inflammatory reaction, but also activates inflammatory gene transcriptions. Heightened or prolonged ROS leads to the inactivation of proteins containing thiol groups, inhibition of glycolysis by inactivation of glyecraldohyde-3-phosphate dehydrogenase, and DNA damage. ROS-driven protein oxidation results in their chemical modification, driving lipid peroxidation resulting in damage to membranes and their function [95] .
Oxidative stress plays a significant role in the pathogenesis of neurodegenerative diseases and rDD [95] . The brain is particularly susceptible to oxidative damage, resulting from its high utilization of oxygen and from the presence of high levels of cellular lipids, including non-saturated fatty acids, with which free radicals easily react. Moreover, some regions of the human brain contain substantial amounts of metal ions, especially iron (Fe2/3+), copper (Cu2+), and zinc (Zn2+), which are conducive to ROS production. Additionally, lower concentrations of antioxidants are found in the CNS as compared to other organs [96] .
ROS are therefore a powerful driver of neuroprogressive changes that drive down neurogenesis and are part of the pathophysiological bridge between depression and neurodegenerative processes [97] . Heightened central immune-inflammatory processes in association with increased ROS/antioxidant ratio mediate the inhibition of dentate gyrus neurogenesis as well as reducing hippocampal volume, with both processes consequently contributing to memory deficits [98] . A number of proinflammatory cytokines and their receptors drive this, including IL-1, IL-2, IL-6 and TNF-a. As with ROS, cytokines are an integral part of normal physiological functioning and plasticity at low concentrations, including IL-1, IL-6 and TNF-a, which are continuously produced in small concentrations by neurons and glia. CNS neurotransmitters also affect the synthesis and release of cytokines. Noradrenaline stimulates secretion of IL-6 from astrocytes, while receptors for the neurotransmitters (noradrenaline, dopamine, adrenaline, acetylcholine, serotonin, gamma-aminobutyric acid and endorphins) are located on the surface of immune system cells [99] . As such, ROS driven changes in neurotransmitter release are another mechanism whereby ROS and immune-inflammatory processes reciprocally interact.
Increased ROS/antioxidant ratio in conjunction with central inflammatory reactions are increasingly recognized to play an important role in the pathogenesis of a growing number of diseases, including many CNS diseases, such as Alzheimer's disease, Parkinson disease, multiple sclerosis and stroke. Their role in the etiology and course of milder disorders of cognitive function is now recognized [100] .
Cognitive dysfunction, often in conjunction with depression, also occurs in the course of somatic diseases including: chronic hepatitis C (CHC), systemic lupus erythematosus (SLE), circulatory system diseases [101] , chronic obstructive pulmonary disease (COPD) [102] , chronic fatigue syndrome (CFS), metabolic syndrome, type 1 and 2 diabetes [103] and influenza infections. The participation of inflammatory processes and oxidative stress has been shown in the etiology and course of each of these disorders, often co-existent with depression. In such disorders, an individual's response to even moderate systemic inflammation may drive an increased CNS immune reaction.
We have previously shown that decreased operational memory (spatial visualization and auditory-verbal), declarative memory and verbal fluency in depressed patients were correlated with increased malondialdehyde (MDA) concentrations [104] , nitrous oxide (NO) [105] and thiol protein groups (TPGs) [106] , as well as decreased total antioxidant status (TAS) levels [107] . Such work highlights the relevance of oxidant changes to alterations in cognition that are evident in depressed patients.
Factors Affecting Patients' Cognitive Functions in the Course of Recurrent Depressive Disorders
Intensification of clinical symptoms of depression and neurocognition
Cognitive deficits in the patients with rDD are in part dependent on the degree of mood symptoms intensity, with mood symptom remission usually associated with some improvement in cognitive functioning [108] . Han and colleagues [109] , compared intensity of depressive symptoms (using the Hamilton Depression Rating Scale, HDRS) with cognition evaluated using the Mini-Mental State Examination (MMSE). Increases in HDRS scale scores were linked with poorer performance on the MMSE scale. In a study of 4392 people age over 65, every additional depressive symptom on the 10-item Center for Epidemiologic Studies Depression scale (CES-D) increased the risk of cognitive function deterioration by 5% over a five-year period [110] . This association was still maintained after excluding people with mild disorders of cognitive functions or chronic diseases. Moreover, increased HDRS rated depression negatively correlates with the auditory memory [111] , operational memory efficiency [112] , verbal fluency and attention processes. Again this links to data showing that increased levels of depression heighten the risk of dementia, with cognitive deficits in depressed patients also predicting the subjectively evaluated quality of physical, mental and social life [113] . This is likely to reflect a reciprocal relationship, whereby increased depression and cognitive symptoms modulate each other, at least in part via the overlaps in the underlying biological processes.
It is likely that the biological processes underpinning such ROS and immuno-inflammatory driven changes in mood and cognition lead to other biological processes that further decrease mood and cognition. Important wider processes include the pro-inflammatory cytokine induction of indoleamine 2,3-dioxygenase (IDO) and cortisol upregulation of tryptophan 2,3-dioxygenase (TDO) [114] . Both IDO and TDO take tryptophan away from serotonin synthesis and drive it down the kynurenine pathways to the formation of tryptophan catabolites (TRYCATs), such as the neurotoxic quinolinic acid and kynurenine. TRYCATs are also important regulators of neuronal activity, thereby allowing decreased serotonin and melatonin availability to be synchronized with alterations in neuronal patterning. As such, ROS, cytokines and cortisol have impacts both directly on neuronal and glia functioning, but also indirect effects via the differential induction of neuroregulatory TRYCATs.
Disease duration, staging and neurocognition
Decreased activity in the frontal callosal gyrus during a verbal fluency test differentiated elderly patients with rDD versus those with only one depressive episode [115] . In a study looking at changes in cognition in depressed patients, disease duration significantly negatively correlated with short-and long-term auditory memory, visual short-term memory and visual-motor coordination [116] . In this study, the number of depression episodes had the most prominent influence on the patients' cognitive functions, correlating not only with short-and long-term auditory memory and with short-term visual memory, but also with verbal and visual-spatial operational memory and cognitive functions, as well as with reduced visual-motor coordination. A number of factors possibly contribute to this, including incomplete remission, variations in treatments used and permanent changes in the brain driven by the biological processes underpinning depression [79] . The latter is the essence of clinical staging in depression and the biological foundation of neuroprogression. Such changes in the nature of depression over time arise as a consequence of ROS and immuno-inflammatory processes, with the cellular damages that ensure further contributing to staging and neuroprogression, including via the induction of autoimmunity. Changes such as increased autoimmunity, will further contribute to alterations in cognition.
Remission of clinical symptoms and neurocognition
In the majority of cases, the remission of depressive symptoms leads to a significant improvement of cognitive functions [117] , although not always. A number of studies have highlighted ongoing cognitive decrements during remission, including in verbal memory and verbal fluency after a 6-month remission period [118] . Other studies also support enduring cognitive deficits, including in episodic memory [108] , attention and spatial visualization functions. Other work in remitted rDD shows decreased callosal gyrus activation during a verbal fluency test [119] and operational memory dysfunction, which deteriorates with successive depressive episodes. Decrements in executive functioning during periods of remission have also been shown, including in the elderly [120] , as well in adults of working age. Some of the cognitive deficits in depression can be viewed as state-dependent. However, more persistent deficits in episodic memory and frontal functions are evident. As highlighted above, this is likely to be mediated by the anatomical and functional changes observed in the fields of the hippocampus and the frontal lobes in depressed patients.
Recently we have shown that successful treatment of rDD with SSRI's for 8 weeks resulted in a number of cognitive improvements, including in the Stroop test (Naming Color of Words Different) and both parts of the Trail Making Test [111] , indicative of improvements in spatial visualization, operational auditory and verbal memory, as well as psychomotor performance. As such, cognitive functioning deficits can improve with successful treatment in some rDD patients, but not in all. The precise nature of how an individual will acquire specific deficits and as to whether recovery occurs require further research, including how specific deficits correlate with the developing understanding of the biological underpinnings of depression. It should be emphasized that depression does not seem to be a static condition, but, via staging and neuroprogression, changes over recurrent episodes for a given individual. As such, different cognitive processes are likely to be differentially impaired as different stages and associated biological processes emerge, with therapy then having to be adapted accordingly. Such work should better clarify the association of depression with neurodegenerative disorders, such as Parkinson's Disease, where cognition also changes over the course of the disease [121] .
Conclusions
The data above highlights that depression is intimately associated with changes in cognitive functioning and thereby with a spectrum of neurodegenerative and neuroprogressive conditions. In some individuals, depression is an early manifestation of dementia, allowing a dimensional conceptualization of depression-MCI-dementia, especially in the elderly [122] . Recent conceptualizations of depression have emphasized the changing nature of its biological underpinnings over time, incorporating changes in TRYCATs, ROS, autoimmunity, apoptosis, neurogenesis, and immuno-inflammatory processes that form the foundation of a neuroprogressive process, which readily links to the biological factors driving neurodegenerative conditions such as Alzheimer's disease, Parkinson's disease, and multiple sclerosis ( Figure 2 ). It also highlights potential pathways that have the potential to be targeted therapeutically [123] .
